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HEWLETT-PACKARD COMPANY II (A) 
Mechanical Design of a Rotary Vane Microwave Attenuator 



Stephen Adam works for Hewlett-Packard, one of the country's 
largest manufacturers of laboratory ins truments ^ Although he was 
educated as a mechanical engineer, his work has led him into 
microwave engineering. In January, 1962, Mr, Adam began environmental 
tests on a "rotary vane waveguide attenuator" he had designed. He 
estimated that it would take at least three months for the instrument 
to progress from the prototype stage through pilot runs into final 
production. 

The new attenuator could regulate microwave power far more 
precisely than any other attenuator made by Hewlett-Packard or its 
competitors. The marketing department believed that demand for the 
attenuator would be great. Hewlett-Packard therefore hoped to have 
it ready for display at the March IEEE convention, at which the 
company annually displayed its new products to potential customers. 
Slightly less than three months before the convention, some prototype 
castings cracked during environmental testing. 



A microwave is an electromagnetic wave having length between 30 cm and 
1 mm. 



Prepared in the Design Division, Department of Mechanical Engineering, 
Stanford University by Eugene Echterling, revised by Sue Hays April, 1967, 
under the directipn of Professor Peter Z..Bulkeley as a basis for student 
exercises. The cooperation of Stephen Adam and Cliff Seymour of the 
Hewlett-Packard Company is gratefully acknowledged. 

(c) 1964 
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Attenuation 



Microwave pov?er may be regulated by placing a movable resistive 
element in the wave path. Any component of the electric field which 
lies in the plane of the resistive element produces currents in the 
element. These currents transform the component's energy into heat, 
thereby attenuating the wave."*- 

Design 

Each of the three sections composing Mr. Adam's attenuator 
contained a longitudinally oriented resistive element (figol). 
These elements were thin, nickel -chromium films vacuum-deposited 
onto mica cards. The resistive element in the center section was to 
be sandwiched between two plastic half -cylinders (fig« 2). An 
external gear drive (not shown in figure 1) was to vary the attenuation 
by rotating the entire center section.^ The end section cards were 
to eliminate electric field components not parallel to the short side 
of the wave guide, thereby "straightening out" the electric field again. 

Mr, Adam designed the center section in one piece,, This reduced 
machining and assembly costs, eliminated misalignment problems, and 
prevented power loss through cracks. The tube was an aluminum sandcasting 
shown in Exhibits II and III. Two lengthwise slots, which were to 
be filled with polyircm^, were cast diametrically opposite one 
another on the inside of the tube. Mr. Adam calculated what the slot 
depth should be from theoretical considerations • He believed the 
slots essential in dissipating the power of certain unwanted waves 
propagated in the center section. After the mixture in the slots 
hardened, the tube was "gun drilled" to its final dimension. The 
residual machining roughness of 63 micro-inches provided a good 
frictional grip between the casting and its plastic core insert. 



Exhibit T is an exerpt from the Hewlett-Packard Journal which describes 
how the rotary vane attenuator works.. 

2 

Attenuation would be zero, for example, if the section were rotated 
so that the resistive card would be perpendicular to the electric 
field. 

3 

Polyiron is a mixture of powdered iron and epoxy resin„ 
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Figure j 

ri»ac:'iine drawing ol plas-ic se:.= j/liiiJer 
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Core construction 

To center the resistive film in the casting bore, two mica card.s 
of equal thickness were placed between identical half -cy linders 
(figures 2 and 3). Only one of the cards was metallized. It was 
placed with its metallic surface against the other card. 

To assure electrical contact with the aluminum wall, both 
the metallized card and the adjacent plastic were coated with 
metallic paint along their long edges. These edges, which were 
in contact with the aluminum tube, also conducted heat away from 
the mica. 

Each plastic half -cylinder was cut from a turned plastic rod. 
Since it was impossible to slit a rod into halves both of which 
fell within the required tolerances, half of each rod had to be 
scrappedo 

Assembly 

The assembly procedure^ involved: 1) cooling the plastic and 
mica sandwich (held together with rubber bands) in a liquid 
nitrogen bath, 2) slipping the aluminum casting which was still at 
room temperature and thus larger in diameter than the contracted 
plastic over the sandwich, and 3) allowing the assembly to 
warm to room temperature, producing a shrink fit<. The assembly 
had to be aligned immediately upon removal from the liquid nitrogen 
because condensed water vapor would freeze the parts togerber after 
about two minutes o Freezing would occur before the assembly 
expanded enough to produce a shrink fit* The assembly was then 
cut to final length on a lathe. 

Fit 

Daring shipment, the instrument might be exposed to temperature.^ 
ranging from -40^. to +75*'C. Consequently, che fit had r:o be tighi at 
-40**C .vet not rupture the casting at +75'' Co Judging from pa$t experiences 
wttn incerference fits, Mr. Adam estimated that the following diametrical 
interferences (at room temperature) would be satisfactory; 1) O.OOo 
ro 0,010 inches along the mica cards, 2) 0«000 to 0,010 iiiches between 
the polyiron grooves , 



See Exhibit IV for a detailed specification of the assembly pr*3cedure. 
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Hewlett-Packard Journal 
January, 1955 



Jr-^ HEWLETT PACKARD 

m JOURNAL ■ 

^£f^ TECHNICAL INfORMATION fROM THE -kp. LABORATORIES Vol. 6 No. 5 

PUBLISHED BY THE HEWLEH-PACKARD COMPANY, 275 PAGE MILL ROAD, PALO ALTO, CALIFORNIA JANUARY, 1955 



A Precision Wave Guide Attenuator Which 
Obeys a Mathematical Law 



"A New PhoM 
Shifter/' p. 3 



FOR about a year and a half -hp- has been 
manufacturing a new type of direct-reading 
precision wave guide attenuator known as a 
rotary attenuator*. This device is distinguished 
by the fact that its attenuation follows a predict- 
able« mathematical law not re- 
lated to frequenc>\ Other than 
the cutoff attenuator which has 
several disadvantages in wave 
guide use, this rotary attenuatqr is generally con- 
sidered to be the most accurate attenuator avail- 
able for wide band microwave applications. 

The attenuator has a calibrated range of 0 to 
50 db which is accurate within 2% of the db read- 
ing at any frequency in a wave guide band.This 
accuracy' is obtained directly from the calibrated 
dial; no calibration charts are required. The 
VSWR of the attenuator is less than L15 and the 
insertion loss is less than 1 db. 

Until recently, the rotary attenuator has been 
produced only in 8.2-12.4 kmc size wave guide. 
It is now being produced in five wave guide sizes 




Fig. 1. Model ^S2A Variable Attenuator has beeft de- 

sitjncd in fwe wave guide sizes which collectively cover 3.9^ to 
IS kmc range. Units are calibrated to SO db but can usumlly 
be used to 70 db. 



which collectively cover the range from 3-95 
to 1 8 kmc. 

Basically, the attenuator consists of three sec- 
tions of wave guide in tandem. In each section a 
resistive film is placed across the guide as shown 
in Fig. 2. The middle section is a short length of 
round guide which is free to rotate axially with 
respect to the two fixed end sections. Th€ end 
sections are rectangular-to-round wave guide 
transitions in which the resistive films are nor- 
mal to the E field of the applied wave. The con- 
struction is symmetrical and the device is bi- 
directional. 

When all films are aligned, the E field of the 
applied wave is normal to all films. No current 
tht n flows in the films, and no attenuation oc- 
curs. If the center film is now rotated to some 
anj»le /?, the E field can be considered to be split 
into two components: E sin 6 in the plane of the 
film, and E cos 0 at right angles to it. The E sin 0 
component will be absorbed by the film, while 
the E cos 0 component, oriented at an angle 0 
with respect to the original wave, will be passed 
unattenuated to the third section. When it en- 
counters the third film, the E cos 9 component 
will be split into two components. The E cos 9 
sin 9 component will be absorbed, and the E cos^ 
9 component will emerge at the same orienta- 
tion as the original wave. 

The attenuation is thus ideally proportional 
only to the angle to which the center film is 
rotated and is completely independent of fre- 
quency. In db terms the attenuation is equal to 
40 log cos 9, 

♦An iccenuator of this typr is dcscrih^d by G. Souchworfh. "Principle* 
and Applicjiion^ of Waveguide Transmission.'* p. 374, D. Van Noscraod, 
Ne^v ^ork. Inventof of the acccauator is uaderstood to be the late 
A. K. Bowen. 
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ATTENUATION = 



- 20 log cos^tf = 40 Jog co'i * 



Fig. 2. Funciional drawing uidicating operating pri net file of 
Model ^82 A VitrUbU Aiienuaior, 



Performance of a typical attenu- 
ator in the 8.2-12.4 kmc range is 
shown in Figs. 3 to 6. Performance 
of the attenuators in other frec^uency 
ranges is comparable. The insertion 
loss shown in Fig. 4 is the loss en- 
countered with the attenuator set 
for zero attenuation. Rated value for 
this loss Is 1 db maximum. 

Phase shift variations in the atten- 
uiicor arc very small. For settings be- 
tween 0 and 40 db variations in 
phase shift are less than one degree* 
This small value makes the attenu*- 
ators valuable in applications where 
it is important that applied power 
be varied independently of phase. 
Such requirements occur, for exam- 
ple, in measurements on multi-ele- 
ment antennas where the drive to 
the various elements must be varied 
to obtain the desired antenna pat- 
tern. By inserting rotary attenuators 
in series with the appropriate ele- 
ments, the excitation can be varied 
over wide ranges. 

Since the attenuation is virtually 
unaffected by frequency, these at- 
tenuators, besides being valuable in 
general-purpose applications, offer a 
solution to the problem of providing 
signal generators with precision at- 
tenuators at frequencies where cut- 
off attenuators have excessive slope. 
By combining two of the attenuators 
in scries, precision attenuations of 
up to 100 db can be obtained. One 
or two of the attenuators can also 
be used with klystron signal sources 
to form bench type signal generators 
suitable for many purposes. 



Maximum attenuation of the at- 
tenuator exceeds the 50 db calibrated 
range by at least 20 tib, but the char- 
acteristics in this raiige are not con- 
trolled. Theoretically, the attenu- 
ator is capable of very high attenu- 
ations. In practice this property is 
modified by the fact that the resistive 
film in the middle section can not 
completely absorb the £ sin B com* 
ponent. Hence, a small leakage com- 
ponent is passed to the output. For 
high attenuations al>ove 50 db, the 
leakage component begins to ap- 
proach the magnitude of the desired 
output of the attenuator. Ultimate 
attenuation of the device thus be- 
comes h'mited by tho attenuation of 
the center rotating Aim which is 70 
db or more. Fig. 6 shows that at 90** 
rotation the attenuation for any fre- 
quency in the rated range is approxi- 
mately this value. 

It is interesting to note that the 
accuracy of the attenuator does not 
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Fig- 4. Plot of typical inxerti^'i. 
tmned with 8.2-12.4 knu aiUf^s 
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Fig. 5. 



Plot of typical VSWR of 8.2-12,4 
kmc attenuaior. 
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depend on the stability of the resis- 
tive films: as long as their attenua* 
tion is high and remains high, j>t;r- 
formance is not affected. Accurate 
centering of the films in du* guides 
is obtained by c.lim|*!iig itiem Ive- 
twe«sn machine<i hidves of the guide. 

-B. P. Hand 



SPECIFICATIONS 

MODEL 3«2A VARtABLK ATTCHUATOft 



PRtQUeNCY RANCe (KMC): 

wAvecuioe sizez 

POWER-HANDUNC CAPACITT, 
WArrS. AVf RAGf, CONTIN- 
UOUS DUTT: 
Size. LENGTH f 
HEIGHT: 
DEPTH- 
WEIGHT, NET: 

SHiPPING: 

FRICE: 



G292A 
3.95 5.83 
2" K \" 



15 
31 Vh" 

7.3/16" 

25 

75 
$450.00 



J382A 
S.3-8.S 



10 
25" 
8'- 
6V4" 
12 
32 
$300.00 



H3«2A 
7.0 10.0 



10 

30 
$390.CO 



X382A 
8 2-12 4 
I" A W 



1# 
ISVi'- 
7%" 

5 
\9 
$250.OD 



P382A 

o?o2" K o.ivr 



VJtW 
5 



CALIBRATED RANGE: 0 50 db. 

ACCURACY; :»^2% of 1h« r»oding in db, or 0.1 db, v<hUli»v«r it ^T^^*t. Iftcltp<^» ttJiUtftjtityjt ti^.c^r 
plus frequency error. 

ATTENUATION AT ZERO SETTINGt le»s than 1 dt, Ca'i^oiior. d&tu u^«Hl^t« /^f.>ikh*. 
PHASE SN/fT: Variation Irss then 1*" for all ottvfwofion Mtlingt to 40 db. 
VSWff: Uss than I.IS cntir* rang* of citt«mpa«iafi ond fr«qtfwncy. 

Prices f.o.b. Pn\a Alio, Califoinlo 
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SUB-ASSEMBLY PROCEDURE 



3.3 Malntalft liquid such that piaatica are alwaya aubMrgad -throughout 
th« aatira f raising procedure • 

3.4 After approaiaately 6 ainutea (boiling should be at minimua) attempt tc 
place item #3 oTer insert sub-assembly* If itea #3 starts on (do not 
force) t allow it to aettle due to its o%m weight* 

If it does not start readily « allow a few more ainutes cooling. After 
item #3 has settled to the bottott^ allow a few more minutes in free&ing 
container before removal. 

Center Section Orientation 

(Theae steps must be carried out rapidly. Use gloTes.) 

4.1 BemoTe entire assembly from freecing container by lifting pulling plate , 
support by hand during removal. 

if,2 Place assembly in vertical position on bench. 

4.3 Being careful not to allow inserts to slip from center section « or being 
splashed with liquid nitrogen that haa remained in the chokes; lay entire 
assembly onto cradle and remove rubber banda. 

4.4 Orient plastic inserts such that mica carda are at 90* relative to the 
ribs on the center section. See Fig. 2. where scribelines show locations 
Orientation ^all not deviate more than 5* from scribeline. Use align- 
ment Wrehcl 




4.5 Press inserts back into center section until the sections line up flush 
on non"-stepped end of assembly. 

4.6 Allow assembly to return to room temperature. 
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SPECIFICATION 



shb^assbmbl:^ procedube 



▼iaval lasp^etloB 



Ylaually lasp^ct Iteu ^ acratch^s and allTar paint continuity 
on adgea. 

Yiaually Inapaet Iteaa #9« Inapaet allrar painted aurfacea for 
cQBtinnit Y^ (One h ^Lf of total numbar of parta ahould be painted on 
per^MHHttpj^^ 

Aaaesbly of Inaerta 

Plaea a painted item #9« flat aide ap« on the bench. 

Place Itea #6« fila aide ap« on iteH #9« 

Place item #3 on itea 

Place an unpainted itea #9 on item #5« 




Secinre the aaaembly by placing rubber banda around enda and the aiddli« 

Freezing (Uae extreme caution in thia phaae of asaembly) • Alwi^a be 
aure the container ia empty before each freei&ing operation. 

Place insert aaaemblyi atepped end up, on pulling plate « into freeiting 
container. Place cover on container and leave it for 13 ainutea to cool. 

Rapidly fill container with liquid nitrogen. Watch boiling. 
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3.3 Malatalft liquid leVtl such that piaatics are always eubaerged .throughout 
th# antire freezing procedure • 

3.% After appro«i«ately 6 ainutes (boiling ahouJ.d be at minimua) atteapt tc 
place ite« #3 OTer insert sub^-assembly* If item #3 starts on (do not 
force) t allow it to settle due to its owa weight* 

If it does not start readily^ allow a few more minutes cooling. After 
item #3 has settled to the bOttoi&, allow a few more minutes in freezing 
container before remoral* 

V, Center Section Orientation 

(These steps must be carried out rapidly* Use gloves*) 

4*1 BemoTe entire assembly from fresfiing container by lifting palling plate, 
support by hand during removal* 

^•2 Place assembly in vertical position on bench* 

Being careful not to allow inserts to slip from center section, or being 
splashed with liquid nitrogen that has remained in the chokes; lay entire 
assembly onto cradle and remove rubber bands* 

4.4 Orient plastic inserts such that mica cards are at 90* relative to the 
ribs on the center section* See Fig* 2* where scribelinea show locations 
Orientation ^all not deviate more than 5* from scribeline. Use align- 
ment Wrehch^ 



4«5 Press inserts back into center section until the sections line up flush 
on non«»8tepped end of assembly* 

4*6 Allow assembly to return to room temperature* 
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[ - REVIS'ONS 


1 APPO. 


DATE j 


pOPERSEOES RCV. 





FOAM no. o^oooo* 



k.7 
4.9 



Bak« asaMbly for 2 honra in an oran at y>*C, 
Lat aaaaably coma do%m to rooa taaparatura. 
Sand aaaaably to Dapartaant 710* 
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HEWLETT-PACKARD COMPANY II (B) 



During environmental testing, ten prototype assemblies were cooled 
to -40^ C to check for possible changes in alignment caused hy core 
shrinkage. Since maintaining correct calibration depended upon a fixed 
orientation of the metal film in the bore, misalignment could not be 
tolerated. During testing the core remained tight. 

The castings were then placed in an oven preheated to ys'' C. After 
about twenty minutes they were removed. On each of two of the castings, 
a large crack along almost the full length of a groove was observed. 
Maximum crack width was about 1/32". 

Faced with this failure in the prototypes, Mr. Adam re-evaluated 
his project. Thinking over some of the decisions he had made, he still 
felt that the aluminum alloy used was a good choice. It was inexpensive, 
not too heavy, had good conductivity, and created no casting problems. 
The bore size in the casting, however, had been determined by electrical 
considerations. The thickness of the mica was gauranteed to be between 
0*0035 and 0.0055 inches. 
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Possible Causes of the Cracking 



1. Cooling the casting during environmental testing may have 
introduced residual stresses which weakened the casting 
along the grooves, 

2. The casting may have had intrinsic structural defects due 
to 

a) inclusions of casting sand, slag, or 
other foreign materials and 

b) gaseous bubbles and porosity caused by 
melt metal not being sufficiently degassed 
before pouring • 

3» The choice of materials may have been poor - the aluminum 
chosen may not have been ductile enough to sustain the 
strains imposed upon it as the assembly warmed to room 
temperature. 

4, If the tolerances of the core pieces were excessively large, 
there might have been too much interference at the press fit, 

5, Calculations of stress in the groove area, if any were made, 
may have overlooked the fact that there is an axial component 
of strain caused by differential thermal expansion in the axial 
direction, 

6, The parts may have been improperly dimensioned, causing too 
much interference between the core and the housing casting. 

7, The polyiron differential expansion between itself and the 
aluminum may have been substantial. This in itself may have 
caused excessive strain on the casting. 

8, There was undoubtedly a stress concentration in the grooved 
portion of the casting caused by the reduced section of 
aluminum there. 

9, Cracks and surface imperfections introduced in the casting 
by machining operations may have caused stess concentrations. 



Appendix 
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Table I 

Properties of Materials Used 



ALUMINUM _g 

coefficient of linear expansion: 13 x 10 in/in **F 

E « 10o3 X lO^lb/in^ 

3 3 ? 

ultimate tensile strength: 19 x 10 to 35 x 10 lb/ in 



PLASTIC CORE (similar to extra high impact polystyrene) 
E = 4,000 X 10^ psi 

ultimate tensile strength: SSOOpsi 
elongation (in ?") = 15% 

coefficient of linear expansion: 62 x 10 ^ in/ in ^ 



POLYIRON MIXTURE 

coefficient of linear expansion: 4 to 5 x 10 ^ in/ in in 

the range from 80 to 140*F 



MICA 

-6 

coefficient of linear expansion: 18 x 10 in/ in °F 
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INSTRUCTORS* NOTE 
Hewlett-Packard Rotary Vane Wave Attenuator 



This case, which describes the cracking of a prototype casting^ 
has been used at Stanford, In a graduate course in analytical design. 
The case shows that engineers must be careful In selecting problems 
for analysis, that time pressures can complicate engineering problems, 
and that engineers need to pay careful attention to detail even In 
initial design stages. 

In the past, the instructor has begun class discussion of the 
case by asking students whether ,they think the cracked casting 
presented a substantial problem to the Hewlett-Packard engineer. 
After most members of the class agree that this is so, the instructor 
asks them to suggest some possible causes of the cracking. He lijits 
these on the blackboard. He then discusses each of the suggestions 
in as much detail as he considers useful. Students are asked which 
suggestions seem most reasonable. They usually decide that stress 
concentration at the base of the groove in the casting along with 
differences in thermal expansion between parts caused deformation and 
cracking « 

Next students are asked to suggest remedies based on this 
explanation of the cracking. Most students want to analyze loading 

and stress concentrations. (Here, one can discuss how to calculate 
stress concentrations along a cast groove and why engineers might 
calculate stress at all.) The instructor asks students to estimate 
how much time they would need to do a stress analysis, (Here, one 
can discuss how to make time estimates.) After convincing themselves 
that the analysis might well take a week, many students change their 
minds about making an analysis. At this point in the discussion, 
the instructor usually presents the Hewlett-Packard engineer's solutiont 
simply thicken the walls of the casting. 

A list of possible causes of the cracking and revised drawings 
are attached. 



